Introduction
Cyanides (CN -) and nitrile compounds are highly toxic compounds for almost all living organisms. In higher is expected to apply in the biodegradation of cyanide and the degradation of nitrile wastes. Since cyanide toxicity at an initial stage is a main hurdle for the biodegradation of cyanide (Yoshikawa et al., 2000) , the application of microorganisms containing this enzyme, along with other nitrilase or cyanide hydrolase enzymes in microorganisms can be a better option for the biodegradation process.
Previously, we reported the function of thermo-stable bifunctional cysteine synthase/b-CNAla synthase from Bacillus stearothermophilus (Omura et al., 2003) . However, the distribution of b-CNAla synthase of bacteria has never been studied. In this study, we have screened for enzymes having an ability to catalyze b-CNAla synthetic reaction from the soil and the stock culture collection of our laboratory. We found b-CNAla synthetic activity in a lot of microorganisms, and purified and characterized b-CNAla synthase from Pseudomonas ovalis No. 111.
Materials and Methods
Chemicals. b-Chloro-DL-alanine was synthesized from DLserine by the method of Walsh et al. (1971) . O-acetyl-Lserine and b-CNAla were purchased from Sigma Chemical Co. (St. Louis, USA). O-Methyl-DL-serine and pyridoxal 5¢-phospate (PLP) were purchased from Nacalai Tesque Inc. (Kyoto, Japan) . o-Phthlaldehyde (OPA) and potassium cyanide were purchased from Wako Chemicals (Osaka, Japan). Isolation and cultivation of microorganisms. Soil samples were inoculated into a test tube containing 10 ml of medium, which consisted of 0.013-0.065% (w/v) KCN, 0.05% (w/v) glycerol, 0.05% (w/v) peptone. 0.05% (w/v) yeast extract, 0.01% (w/v) K 2 HPO 4 , 0.01% (w/v) MgCl 2 ·7H 2 O and tap water, and was adjusted to pH 8.0 with NaOH. They were incubated at 28∞C for 12 h with shaking.
Each of the cyanide-utilizing microorganisms isolated from stock cultures of our laboratory, and from soil samples, was incubated into a test tube containing 4 ml of the medium supplemented with 2 mM KCN. The grown cells were harvested by centrifugation at 15,000 ¥ g for 5 min. The resultant cells were washed with 10 mM potassium phosphate buffer (pH 7.5) and suspended in 0.4 ml of 0.1 M phosphate buffer (pH 7.5). Enzyme assay 1. During the course of the microbial screening, the following enzyme assay was used. The reaction mixture containing 10 mM KCN, 80 mM PLP, 2.5 mM amino acid, 50 mM potassium phosphate buffer (pH 7.5) and an appropriate amount of cells was incubated at 30∞C for 90 min. To stop the reaction, cells were removed by centrifugation at 15,000 ¥ g for 5 min, and by filtration (COSMONICE 0.45 mm, Millipore, USA). One unit of activity was defined as the amount of b-CNAla synthase required to produce 1 mmol of b-CNAla from amino acid per minute. The detection of the amount of b-CNAla was carried out by using high-performance liquid chromatography (HPLC) after modification of the reaction product with o-phthalaldehyde (OPA). OPA-amino acids were detected by using a fluorometer (Hitachi, Ltd., Tokyo, Japan). The excitation and emission wavelengths for OPAamino acids were 340 and 455 nm, respectively. Enzyme assay 2. The standard assay mixture consisted of 10 mM KCN, 80 mM PLP, 10 mM O-acetyl-L-serine, 50 mM potassium phosphate buffer (pH 7.5) and an appropriate amount of enzyme solution. The reaction was carried out at 30∞C for 10 min and stopped by heating for 2 min in boiling water. The amount of b-CNAla was detected by the method described in Subsection "Enzyme assay 1". One unit of activity was defined as the amount of b-CNAla synthase required to produce 1 mmol of b-CNAla from O-acetyl-L-serine per minute. Purification of b b b b b-CNAla synthase from Pseudomonas ovalis No. 111. All procedures were carried out below 4∞C, and potassium phosphate buffer (pH 7.5), containing 10 mM PLP and 0.1 mM dithiothreitol (DTT), was used as the buffer throughout the purification, unless otherwise specified.
Step 1: The cells were harvested and suspended in 0.1 M buffer and disrupted by sonication for 10 min. The lysate was centrifuged at 15,000 ¥ g for 30 min.
Step 2: The resulting supernatant (cell-free extracts) was fractionated with ammonium sulfate (10-90% saturation), followed by dialysis of the resultant precipitate against 0.1 M buffer.
Step 3: After dialysis, one liter of DEAE-Sephacel equilibrated with 10 mM buffer was applied to the dialyzed protein solution. After gentle stirring for 3 h, resins were separated from the supernatant through filtration. The resins were then washed with 10 mM buffer followed by elution with 10 mM buffer containing 0.2 M KCl. The eluted enzyme solution was dialyzed against 10 mM buffer for 24 h.
Step 4: The resulting enzyme solution was applied to a DEAE-Sephacel column and was eluted with increasing concentrations of KCl (0 M to 0.3 M) in 10 mM buffer after washing the column with 10 mM buffer. The enzyme solution was concentrated to 50 ml by ultrafiltration with the Amicon YM-10 membrane (Amicon Corp., Danvers, USA).
Step 5: After dialysis against 10 mM buffer containing 4.5 M NaCl, the enzyme solution was applied to an Octyl-Sepharose CL-4B column equilibrated with 10 mM buffer containing 4.5 M NaCl. The enzyme was eluted by decreasing the concentration of NaCl (4.5 to 0 M) in 10 mM buffer, followed by dialysis against 10 mM buffer.
Step 6: After concentration by ultrafiltration with Amicon YM-10 membrane, the concentrated solution was applied to a Sephacryl S-300 HR column (1.3 by 88 cm), and eluted with 10 mM buffer containing 0.2 M NaCl at a flow rate of 60 ml/h. Step 7: After dialysis against 10 mM buffer containing 4.5 M NaCl, the resultant enzyme solution was applied to a Phenyl-Superose column equilibrated with 10 mM buffer containing 4.5 M NaCl. After washing the column with the same buffer containing 4.5 M NaCl, the enzyme was eluted by decreasing the concentration of NaCl (4.5 to 0 M) in 10 mM buffer.
Step 8: After dialysis against 1 mM buffer, the enzyme solution was applied to an Econo-Pac column and eluted with increasing concentrations of potassium phosphate (1 mM to 0.1 M) in the buffer.
Step 9: After dialysis against 10 mM buffer, the enzyme solution was applied to a Mono-Q column and eluted with increasing concentrations of KCl (0 to 0.5 M). The active fractions were collected and dialyzed against 10 mM buffer. The enzyme was preserved and used for its characterization.
Determination of the molecular mass of
Gel permeation HPLC was carried out for the determination of the molecular mass of b-CNAla synthase. The purified sample was applied to a TSK G-3000SW column. The conditions for the analysis were as follows: flow rate, 0.3 ml min -1 ; and buffer, 10 mM potassium phosphate buffer (pH 7.5) containing 0.1 M DTT, 10% glyc-erol and 0.2 M KCl. The standard proteins, i.e., glutamate dehydrogenase (290 kDa), lactate dehydrogenase (140 kDa), enolase (67 kDa), myokinase (32 kDa), and cytochrome c (12.4 kDa) (MW-Marker [HPLC], Oriental Yeast Co., Ltd., Ohtsu, Japan), were applied before and after sample injection. The molecular mass of the enzyme was calculated from the mobilities of the standard proteins. N-Terminal amino acid sequence analysis. The purified enzyme blotted on a PVDF protein sequencing membrane (Applied Biosystems, USA) was subjected to the automated Edman degradation with an Applied Biosystems 477 A protein sequencer. Kinetic properties. Michaelis constants (K m ) and maximum reaction velocities (V max ) for O-acetyl-L-serine were determined from the Lineweaver-Burk plot. Since the degree of sigmoidicity was greater at a lower initial KCN concentration, the maximum slope and S 0.5 value were determined by a Hill plot. 10% (v/v) of the cultivated medium was added to the fresh medium containing 10 mM KCN, followed by incubation at 28∞C for 12 h. After the enrichment culture, the resultant culture was spread on agar plates containing 10 mM KCN, and cyanide-utilizing bacteria were isolated. After testing the b-CNAla synthetic activity of these bacteria, a lot of cyanide-utilizing bacteria were isolated (Table 1 ). We measured the KCN metabolizing activity, using L-serine, O-methyl-DL-serine, L-cysteine, Ophospho-L-serine, b-chloro-DL-alanine, or O-acetyl-L-serine, as the amino acid substrates. Surprisingly, there were a lot of bacteria, which showed the activity not only for O-acetyl-L-serine, and L-cysteine, but also for other amino acids. J-35 and J-37 showed activity only for O-methyl-DL-serine. J-51 showed activity only for b-chloro-DL-alanine.
Results and Discussion

Identification
Next, we cultured the strains of our stock culture collection in a medium containing 2 mM KCN, in order to select microorganisms that use KCN as a substrate, and we tested the b-CNAla synthetic activity of the cell-free extract of microorganisms growing in the medium. We also isolated a lot of cyanide-resistant microorganisms ( Table  2) .
Most of them showed b-CNAla synthetic activity, and some microorganisms, viz. Escherichia coli K10 (AKU13), Erwinia herbicola (AKU44), Hafnia alvei (AKU700), and Pseudomonas ovalis No. 111 (AKU820) showed a high enzymatic activity. Some microorganisms had a novel substrate specificity. E. herbicola (AKU44) and Bacillus thuringiensis ( Pseudomonas ovalis No. 111, which showed a high activity of b-CNAla synthase, was selected for the following experiments.
Optimization of the culture condition
In order to enhance the cell growth of P. ovalis No. 111 and to increase the b-CNAla synthase activity, we optimized the culture condition. P. ovalis No. 111 was inoculated into a 500-ml shaking flask containing 90-ml of medium, then cultured for 24 h at 28∞C with shaking. We investigated the effects of the addition of various amino acids to the culture medium on the enzyme activity. When 1% L-serine was added into the medium, the specific activity showed the highest value (Table S1 ). The culture was transferred to a 50-L jar fermenter, which contains 35 L of medium supplemented with 0.1% adecanol LG-109 (Asahi Denki Kagaku Co., Tokyo, Japan). Cultivation was carried out at 28∞C with aeration at 1 vol/min and agitation at 300 rpm. The microorganism cultured for 23 h Fig. 3 . Effects of pH and temperature on the enzyme activity. a, pH stability; b, temperature stability; c, pH dependency; d, temperature dependency. Error bars denote the standard error for three independent experiments. The buffers used for the reactions were: acetate-acetate·Na (ᮀ); Tris-HCl (᭺); potassium phosphate (᭹); glycine-NaOH (᭝); glycine-NaCl-NaOH (); Borate-NaOH (᭛); MaHCO 3 -Na 2 CO 3 (᭡).
showed the highest specific activity (Fig. S1 ). These optimal culture conditions were used for the following experiments.
Purification of b b b b b-CNAla synthetase from Pseudomonas ovalis No. 111
Through the purification procedures described in Section "Materials and Methods", the enzyme was purified 1040-fold with a yield of 3.61% from the cell-free extract (Table S2 ). The purified enzyme showed two bands on SDS-PAGE (Fig. 2) , and had a specific activity of 7.6 U/ mg. The molecular mass corresponding to each band was estimated to be 35,000 and 35,500 based on mobility compared with the protein marker. The N-terminal partial amino acid sequence of each band was determined to be SRIFADNAHSIGNTPLVQINRIAPRGVTIL, suggesting that a carboxyl terminal region of a 35.5 kDa enzyme would be digested to yield 35 kDa enzyme, or that a 35 kDa enzyme would be subjected to some modification. The molecular mass of the enzyme was estimated to be 60,000 by high-performance liquid chromatography (HPLC) on a TSK G-3000SW column. The enzyme probably consists of two identical subunits in molecular mass.
Effects of pH and temperature on the enzyme activity
The pH stability of the enzyme was examined (Fig. 3a) . The enzyme was incubated at 30∞C for 30 min in various buffers at a concentration of 0.2 M. Then, 1 M of potassium phosphate buffer (pH 7.5) was added to the enzyme; through this procedure, every pH buffer became 16.7 mM in final concentration. The treated enzyme was incubated at 30∞C for 10 min to measure their activities.
The thermal stability of the enzyme was estimated (Fig.  3b ). The reaction mixture was incubated at various temperatures for 30 min.
The enzyme was relatively stable in the pH range 5.5 to 9.5, and no loss of activity was observed when the enzyme was incubated in a temperature range below 50∞C.
The effects of temperature and pH on the enzyme activ-ity were examined. The enzyme exhibited a maximum activity at pH 8.5-9.0 in a borate-NaOH buffer (Fig. 3c ).
The optimal reaction temperature appeared to be 40 to 45∞C (Fig. 3d ).
Effects of various compounds and metal ions on the enzyme activity
The effects of various compounds and metal ions listed in Tables 3 and 4 were tested as to their inhibitory effects on the enzyme activity. Each of the compounds and metal ions was added at a final concentration of 1 mM to the reaction mixture.
Various compounds did not show any remarkable inhibition. On the other hand, the enzyme was strongly inhibited by metal ions such as Ni 2+ , Co 2+ , Ag 2+ and Hg 2+ . The enzyme also showed a sensitivity to Cd 2+ , Fe 2+ , Fe 3+ and Zn 2+ .
Substrate specificity
To determine the substrate specificity of the b-CNAla synthase, we used several amino acids as substrates. The activities were measured under the standard conditions of enzyme assay.
Compared with the activity towards O-acetyl-L-serine (100%), that towards b-chloro-DL-alanine was 8.7%. L-Serine, O-methyl-DL-serine, L-cysteine, O-phospho-L-serine and L-asparagine could not be the substrates of this enzyme. Although the cell-free extracts showed significant activity toward L-serine as shown Table 2 , the data of which were obtained during the microbial screening, the purified b-CNAla synthase did not act on this amino acid. There may be a different enzyme that uses L-serine as a substrate in P. ovalis No. 111.
Kinetic parameters of b b b b b-CNAla synthetase
Kinetic studies on the enzyme reaction were performed. The Michaelis constant (K m ) and the maximum reaction velocities (V max ) for O-acetyl-L-serine, that can serve as the substrate, were determined from the Lineweaver-Burk Table 3 . Effect of compounds on enzyme activity. plot (Fig. S2a) . The K m value for O-acetyl-L-serine was 10.0 mM, and V max value was 3.57 mmol/min/mg. The degree of sigmoidicity was greater at a lower initial KCN concentration. The maximum slope determined by a Hill plot was 5.28. An S 0.5 value for KCN was 16.4 mM (Fig. S2b ).
